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Brown carbon (BrC) refers to the light-absorbing portion of organic aerosol (OA), which 
is primarily emitted from biomass burning and fossil fuels and secondarily formed through 
various means.  BrC has been found to be ubiquitous in the atmosphere and, from what 
measurements exist, has been predicted to have important effects on radiative forcing [Liu et al., 
2014, 2015].  However, the lifecycle and atmospheric stability of BrC from biomass burning are 
virtually unknown.  Laboratory experiments of secondary BrC suggest it may photobleach in the 
atmosphere [Lee et al., 2014; Zhao et al., 2015] and have aging mechanisms not shared with 
organic aerosol or black carbon (BC), which are also emitted from biomass burning and have 
important radiative forcing effects.   
As presented in Chapter 2, measurements of BrC aerosol light absorption taken from 
intense wildfire plumes transported over two days, during the 2013 NASA SEAC4RS mission, 
are seen to evolve over time. Concurrent measurements of OA and BC mass concentration, BC 
coating thickness, absorption Ångström exponent (AAE), and OA oxidation state (O/C) reveal 
that BrC initially emitted from the fires was largely unstable. Using back trajectories to estimate 
the transport time, BrC aerosol light absorption was found to decay in the plumes with a half-life 
of 9 to 15 hours, measured over day and night. Although most BrC was lost within a day, 
possibly through photobleaching, chemical loss, and/or evaporation, the remaining persistent 
fraction likely determines the background BrC levels most relevant for climate forcing.  While 
large coefficient of determinations exist between BrC, AAE, O/C, and f60 for these single-fire 
measurements, later multiple-fire measurements show that BrC is only consistently correlated 
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with bulk aerosol AAE.  This correlation is non-linear, however, so bulk aerosol AAE cannot be 
used to predict BrC light absorption. 
Current models of BrC use static primary emission characteristics to predict BrC 
radiative forcing effects, primarily employing a correlation between kOA (the imaginary part of 
the refractive index of OA) and the ratio of BC/OA for a source fire.  Considering the dissipation 
of BrC over the course of 10 hours due to photobleaching, this relatively simple model of 
predicting BrC absorption post-emission from biomass burning may be overestimating the 
contribution of BrC to absorbing aerosol radiative forcing.   In Chapter 3, using BrC 
spectrophotometric data taken aboard NASA’s 2012 DC3 and 2013 SEAC4RS campaigns, the 
changing optical properties of BrC—both its direct absorption and its wavelength dependence—
and vertical distribution of BrC in the atmosphere combine to cause potentially significant errors 
in radiative forcing when kOA is predicted by BC/OA.  Both show significant differences 
between actual measurements and predicted values outside of biomass burning plumes in the 
background aerosol, while the interior of plumes seems to be relatively well described by a 
BC/OA parameterization of kOA.  Ultimately, it is found that capturing the enhancement of BrC 
with altitude is more important to radiative forcing models than capturing the BrC optical aging 
mechanisms, at least for measurements over the continental United States.  Discussions on future 
research questions related to the non-global nature of these studies, and possible reasoning 

















1.1 Motivation for Studying Brown Carbon 
“Aerosol” is the term for solid and liquid particulate matter floating in a gaseous medium, 
which exists everywhere in the atmosphere.  The most important atmospheric aerosols include: 
inorganic compounds, organic compounds (often termed organic aerosol, or OA), black carbon 
(emitted from incomplete combustion of fossil fuels and biomass), and mineral dust [Boucher et 
al., 2013].  The prevalence of each aerosol fluctuates depending on the region.  All aerosols 
interact with sunlight, whether incident or reflected, causing a positive or negative amount of 
radiative forcing that affects climate.  There are two main methods of aerosols affecting radiative 
forcing, termed direct and indirect forcing.  Direct radiative forcing is caused by aerosols directly 
absorbing or scattering sunlight, causing warming or cooling of the atmosphere [Haywood and 
Shine, 1995; Forster et al., 2007].  Indirect radiative forcing is caused by the interaction of 
aerosols with clouds, whereby aerosols act as cloud condensation nuclei and alter the 
microphysical properties of clouds, affecting cloud reflectivity and lifetime [Kaufman et al., 
2005; Forster et al., 2007].  Semi-direct effects are those where absorbing aerosols disturb the 
altitude profile of temperature, which affects static stability of the atmosphere and localized 
weather phenomena.  In addition to radiative forcing, aerosols that absorb light in the ultraviolet 
spectrum decrease concentrations of photochemical smog, especially tropospheric ozone [R.R. 
Dickerson et al., 1997; He and Carmichael, 1999], which is hazardous to health [e.g., U.S. EPA, 
2013].  Therefore, understanding the absorptive properties of various aerosols is imperative to 
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accurately predicting absorbing aerosol radiative forcing, ascertaining absorbing aerosols’ total 
effect on climate, and determining their effect on health. 
The main light-absorbing aerosols are black carbon (BC) and mineral dust [Boucher et 
al., 2013].  BC dominates light-absorption in most regions of the world due to its strong 
wavelength-independent absorptivity (kBC  0.79 for 550nm), which designates equal strength in 
both radiative forcing relevant wavelengths and photochemically relevant wavelengths [Bond 
and Bergstrom, 2006; Bond et al., 2013].  BC absorption can be enhanced due to internal mixing 
with dust or OA; the mixed material is often assumed to form a shell around a core of BC [Lack 
et al., 2010; Saleh et al., 2013].  A subset of OA molecules, which typically scatter light, has 
recently been found to absorb strongly in the near-ultraviolet wavelengths and weakly in the 
short visible wavelengths.  This subset is collectively called brown carbon (BrC) due to its 
yellow-brown coloring [Andreae and Gelencser, 2006; Laskin et al., 2015].  Because of the 
multitude of chromophores comprising BrC, its optical properties and absorption characteristics 
are still poorly understood in literature, with wavelength-dependent absorptivities for fresh 
emissions ranging across several orders of magnitude (kOA  0.003-0.22) [Saleh et al., 2014].   
Biomass burning is a major global source of both BC and OA [Bond et al., 2004], with 
significant effects on radiative forcing, climate, and health.  Similarly to BrC, some mineral dust 
also absorbs light in the ultraviolet and visible wavelengths, especially ferric iron oxides (e.g., 
hematite, goethite) [Sokolik and Toon, 1999].  Asian dust is continuously present in background 
aerosol on the western U.S. coast [Duce, 1995; Perry et al., 2004] and likely accounts for some 
fraction of radiative forcing in this region.  Absorption properties for all aerosols are highly 
dependent on their mixing state with other aerosols, where external mixing allows for the 
absorbing aerosols to retain their typical optical properties while internal mixing enhances these 
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properties [Bergstrom et al., 2004; Bond and Bergstrom, 2006; Schnaiter et al., 2005].  This 
complicates interpretations of absorption measurements for aerosol mixtures. 
The degree to which each of these aerosols absorb light, their concentrations in the 
atmosphere, their mixing state with other aerosols, and their altitude profiles are all important 
factors that affect radiative forcing over a region.  Atmospheric measurements of each are, 
therefore, essential to effectively determining global radiative forcing caused by absorbing 
aerosols.  However, no airborne or ground measurement campaign to date has managed to 
measure all classes of light-absorbing aerosols independently.  Instead, bulk aerosol light-
absorption and light-scattering measurements are typically conducted, and the relative 
abundances and optical properties of each aerosol are then estimated from these bulk 
measurements.  With decreasing degrees of confidence, this can be achieved using aerosol size 
distributions to separate biomass burning aerosols from dust [e.g., Petzold et al., 2011], retrieved 
optical properties like absorptivities [Schuster et al., 2016a], and inferences from the wavelength 
dependence of bulk aerosol absorption [Schuster et al., 2016b].  Nevertheless, separating the 
bulk aerosol absorption into its various species is essential to constraining aerosol forcing 
uncertainties [Forster et al., 2007] and improving emission-based control policies.  Detailed 
investigations into the chemical composition and optical properties of absorbing aerosols is vital 
to determining their impact on climate.   
In the NASA DC-8 research aircraft campaigns in the summers of 2012 and 2013, 
respectively termed DC3 (Deep Convective Clouds & Chemistry) and SEAC4RS (Studies of 
Emissions, Atmospheric Composition, Clouds and Climate Coupling by Regional Surveys), 
aerosol light-absorption measurements were made for bulk aerosol and specifically for BrC.  BC 
and OA mass concentrations were also measured.  For this campaign, a determination of both 
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atmospheric BrC and bulk aerosol light-absorption for a range of altitudes (from near-surface to 
13 km) and regions (from western to southeastern U.S.) was made possible. 
This thesis aims to understand BrC from emission to its aged and background levels with 
specific focus on its aging mechanisms post-emission, vertical profile, and optical properties.  
Previous BrC studies have primarily been laboratory measurements of biomass combustion, with 
few atmospheric BrC measurements being made.  Of the available atmospheric BrC 
measurements, few were obtained by direct means.  The data set to be discussed is the first of its 
kind: direct BrC measurements at a range of altitudes from a variety of locations in the United 
States.  The opportunity provided by the data set for studying the aforementioned properties of 
BrC is novel.  The scientific objectives of this thesis focus on how BrC primarily emitted from 
open biomass burning (including wildfires and agricultural fires) optically ages in the 
atmosphere and contributes to background aerosol levels present from the boundary layer to the 
top of the atmosphere.  Relationships will be drawn between BrC, BC, OA, chemical properties 
of the OA, and the wavelength dependence of bulk aerosol light-absorption (AAE). 
1.2  Sources and Importance of Brown Carbon 
BrC consists of a myriad of mostly unidentified organic compounds with primary and 
secondary formation mechanisms.  It is unknown whether the observed BrC absorption spectra 
arises due to isolated molecular compounds or supramolecular aggregates, or whether BrC is 
composed of scant few strong chromophores or mixtures of weak chromophores [Laskin et al., 
2015].  Primary formation occurs during incomplete combustion of biomass [Andreae and 
Gelencser, 2006; Hoffer et al., 2006; Chakrabarty et al., 2010; Chen and Bond, 2010; Hecobian 
et al., 2010; Kirchstetter and Thatcher, 2012; Lack et al., 2013; Saleh et al., 2013, 2014] and 
fossil fuels [Bond, 2001; Yang et al., 2009; Hecobian et al., 2010; Zhang et al., 2011, 2013].  
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Two major components of BrC have been identified for primary emissions: humic-like 
substances (HULIS) [Graber and Rudich, 2006; Hoffer et al., 2006] and nitroaromatics [Iinuma 
et al., 2010; Kitanovski et al., 2012; Desyaterik et al., 2013; Zhang et al., 2013].  Biomass 
burning BrC measured on filters suggests that BrC contains highly polar molecules, less polar 
molecules, water-soluble components, and insoluble components [Chen and Bond, 2010].  
Water-insoluble components show greater absorption per mass than water-soluble components 
and are likely due to high-molecular weight polycyclic aromatic hydrocarbons [Chen and Bond, 
2010].   
Secondary BrC formation has been inferred from atmospheric measurements of vehicle 
emissions [Zhang et al., 2011, 2013] and laboratory measurements of photochemically aged 
biomass burning [Saleh et al., 2013].  Various laboratory experiments have also formed BrC-like 
chromophores using photooxidation of aromatics [Lambe et al., 2012]; ozonolysis of terpenes 
[Bones et al., 2010; Nguyen et al., 2012; Laskin et al., 2014]; and aqueous phase reactions of 
lignin and isoprene oxidation [Limbeck et al., 2003; Hoffer et al., 2006], reactions of carbonyls 
with amines [De Haan et al., 2009; Zarzana et al., 2012], and reactions of carbonyls with 
ammonium salts [Shapiro et al., 2009; Sareen et al., 2010; Lin et al., 2015].  Chemical speciation 
of these studies have found that secondary BrC absorption is likely due to nitroaromatics, 
reduced-nitrogen organic compounds [Lin et al., 2015], and other high-molecular weight 
compounds produced in the atmosphere by reactions between carbonyls and ammonia/amines 
[Shapiro et al., 2009; Sareen et al., 2010].  Charge-transfer interactions between chromophores 
in colored dissolved organic matter may also lead to these absorption characteristics. 
When sensitive direct measurement techniques—such as light absorption of aerosol 
extracts—are used, BrC is found to be ubiquitous, present even in the remote continental 
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troposphere at 10 km altitude [Kieber et al., 2006; Hecobian et al., 2010; Liu et al., 2014, 2015].  
Recent studies suggest that aerosol components from biomass burning are more prevalent than 
previously thought [Hennigan et al., 2010; Hennigan et al., 2011; Bougiatioti et al., 2014], and 
may strongly contribute to this observed background BrC [Washenfelder et al., 2015].  Further, 
light absorption by BrC may globally offset the total climate cooling at the top of the atmosphere 
from direct radiative forcing of OA [Feng et al., 2013]. Vertical profiles of BrC measured in-situ 
confirm its importance, as it can account for 20% of the aerosol direct radiative forcing at the top 
of the atmosphere [Liu et al., 2014]. 
1.3  Radiative Forcing of Brown Carbon 
Direct radiative forcing involves the absorption or scattering of solar radiation by 
aerosols.  BC is the most absorbing aerosol in the visible wavelengths [Bond et al., 2013], which 
are sensitive to light-absorption due to the lack of atmospheric absorbers in this region.  BC is 
primarily emitted in large quantities from fossil fuel combustion and biomass burning.  BC has 
been found to have significant effects on radiative forcing and, thus, warming of the climate.  
Meanwhile, OA—which is also primarily emitted from fossil fuel and biomass combustion—has 
been considered to typically scatter incoming solar radiation, with a net cooling effect on 
climate.  In total, open biomass burning accounts for 33% of the global BC burden and 66% of 
the global primary organic aerosol burden, indicating that it is an important source of climate 
forcing, both positive and negative [Bond et al., 2004].  Although fossil fuel controls are working 
to reduce BC and OA primary emissions, open biomass burning (like wildfires) is largely caused 
by natural factors, cannot be effectively controlled, and is likely to increase in response to 
climate change.  Due to temperature increases caused by our changing climate, primary BC and 
OA emissions are expected to enhance by roughly 20% (for BC) and 40% (for organic carbon) in 
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the next several decades, predominantly caused by increased wildfire emissions [Spraklen et al., 
2007].  Therefore, understanding the radiative forcing effects of BC and OA, resulting from 
biomass burning, is imperative for future climate studies. 
Radiative forcing models for light-absorbing aerosols (typically only BC) have large 
discrepancies between the observationally-constrained and emissions-based approaches, with a 
range of 0.1 to 1.63 W m-2 [Bond et al., 2013].  This discrepancy is likely due, in part, to the 
treatment of OA as purely scattering and the lack of internal mixing considerations of BC with 
other aerosols [Saleh et al., 2015].  Aerosol models that simulate microphysical processes 
suggest that BC can become internally mixed with other material in 1-5 days [Jacobson, 2001] 
and be transported to all altitudes [Aquila et al., 2011].   When BrC is simulated as externally 
mixed with BC in radiative forcing models, BrC is found to contribute +0.1 – +0.57 W m-2, or 
between 25-70% of the forcing due to BC [Feng et al., 2013; Lin et al., 2014], and roughly 15% 
of the forcing by total absorbing aerosols [Park et al., 2010].  In contrast, a recent model 
simulating both external and internal mixtures of BrC with BC showed +0.22 W m-2 for 
externally mixed BrC and +0.12 W m-2 for internally mixed BrC [Saleh et al., 2015].  The latter 
study also found that including both lensing and BrC absorption in models increased the direct 
radiative effect for biomass combustion aerosols from negative (cooling) to positive (warming), 
helping reduce the gap between the observationally-constrained and emissions-based radiative 
forcing model results.  In order to calculate both the internal and external mixing of BrC, Saleh 
et al. [2015] made use of their parameterization determined from laboratory biomass combustion 
experiments, where kOA and the wavelength dependence of kOA were found to correlate highly 
with the ratio of BC/OA [Saleh et al., 2014].  Previous radiative forcing models used a fixed 
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mass absorption cross-section (MAC) for BrC [Park et al., 2010] or two values of kOA, as upper 
and lower limits of BrC absorption [Feng et al., 2013], in order to estimate BrC radiative forcing.   
The difficulties with the previous modeling approaches center around an assumption of 
the optical constancy of BrC post-emission.  Laboratory experiments seem to suggest that BrC 
may photochemically change over time, with BrC bleaching when continually exposed to light 
[Zhong and Jang, 2014; Lee et al., 2014; Zhao et al., 2015] with half-lives of a few minutes to a 
few hours.  This phenomenon has not previously been studied in the atmosphere, so it is 
unknown the scale to which this could affect BrC parameterizations in atmospheric models of 
biomass burning.  Other aging mechanisms of BrC post-emission are also unknown, making the 
assumption that their optical properties remain stable over time quite tenuous.  These issues will 
be the primary focus of this thesis (Chapter 2).  Furthermore, if a method requires predicting BrC 
from other species like BC and OA, then it would be important to ascertain the degree to which 
BrC behavior follows BC and OA in a biomass burning plume.  How these changes might affect 


















2.1  Introduction 
As controls continue to reduce fossil fuel emissions and a changing climate potentially 
leads to more fires, both the relative and total impact of biomass burning on air quality and 
climate forcing is expected to increase [Fuzzi et al., 2015]. Although studies have focused on a 
ratio of BC to OA in emissions of relatively briefly aged biomass burning to predict BrC in large 
scale radiative forcing modeling endeavors [Saleh et al., 2014], there is a growing body of 
evidence that atmospheric BrC evolves differently from both BC and bulk OA, owing to 
production of BrC from secondary organic aerosol and loss of BrC from photobleaching [Lee et 
al., 2014; Zhong and Jang, 2014; Zhao et al., 2015], volatilization, or aerosol-phase reactions. In 
order to understand the difference between BrC and bulk OA evolution and determine BrC 
climate effects, a focused effort to measure its atmospheric distribution and evolution is needed.   
In this chapter, the evolution of BrC is charted using airborne data from two large 
wildfire plumes sampled from near-emission to over two days of atmospheric transport. This 
study constitutes the first reported evolution of BrC from biomass burning in the atmosphere. 
2.2  Method 
In situ measurements were conducted onboard the NASA DC-8 airborne platform as part 
of the SEAC4RS mission. Sampling occurred from 6 August to 23 September 2013 over the 
western, central, and southeastern regions of the continental US. SEAC4RS followed the DC3 
campaign, where the DC8 flew with the same instrument payload.  
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BrC spectrophotometric measurements were made for liquid extracts of aerosols 
collected on filters.  Aerosols with aerodynamic diameter less than 4.1 μm were collected on 
Teflon (EMD Millipore) filters on the aircraft over roughly 5 to 10 minutes and then stored at      
-10°C.  The filters were extracted in water and then methanol to select for water-soluble BrC and 
water-insoluble BrC, respectively.  BrC absorption spectra were obtained over 200-800 nm using 
a 2.5-m path-length Liquid Waveguide Capillary Cell attached to a ultraviolet-visible 
spectrophotometer.  The technique of removing insoluble components from filters after water 
extracts allows for direct BrC absorption measurements, in contrast to other methods measuring 
total aerosol absorption and estimating BrC absorption.  BrC absorption is reported for the total 
BrC (water-soluble plus water-insoluble), which accounts for almost all biomass burning BrC.  A 
small percentage may not be soluble by either methanol or water, but this portion likely has low 
absorption [Chen and Bond, 2010].  For the rest of Chapter 2, “BrC” will refer to the average 
light-absorption of the dissolved aerosol in the solvent between 360 and 370 nm (in Mm-1).  This 
wavelength region accentuates the portion of BrC important to photochemistry and ozone 
reduction, is consistent with former studies [Hecobian et al., 2010; Zhang et al., 2011, 2013; Liu 
et al., 2014, 2015], and avoids contribution by non-organics (like nitrate).   
 Bulk aerosol light absorption coefficients (bap(λ)) at three wavelengths (470, 532, 660nm) 
were measured with a Particle Soot Absorption Photometer (PSAP) for aerosols below 4.1 μm 
aerodynamic diameter and were corrected for artifacts associated with filter-based optical 
absorption measurements as described by Virkkula et al. [2010]. Absorption Ångström 
exponents were determined from the 470 and 532 nm wavelength pair by: 
      (2.1) AAEPSAP = -




Particle chemical composition was determined with a High Resolution Time of Flight Aerosol 
Mass Spectrometer (AMS) [DeCarlo et al., 2006] that measured bulk aerosol particles nominally 
below 1 µm aerodynamic diameter.  Here, we use the overall OA concentrations and the O/C 
(oxygenation) [Aiken et al., 2008].  O/C was determined using the organic mass fraction of the 
AMS data using the updated calibrations of Canagaratna et al. [2015].  The mass ratio of 
biomass burning tracer signal (arising from levoglucosan and related molecules) to OA, f60, was 
calculated from the AMS data by taking the ratio of the signal at m/z 60 to the total organic mass 
signal [Cubison et al., 2011].  Refractory black carbon (BC) mass concentrations were 
determined with a SP2 (Single Particle Soot Photometer) and were corrected for particle sizes 
outside the measurement range [Schwarz et al., 2008].  SP2 data were also used to estimate BC 
coating thickness for dried aerosol sampled in the individual plumes using the methodology of 
Schwarz et al. [2008] for particles with 3 to 5 fg refractory BC mass content.  The dry modal 
coating thickness was reported every 5 to 10 min.  Carbon monoxide (CO) was measured as a 
mixing ratio using Diode laser spectrometry to make a Differential Absorption CO Measurement 
at 1 s intervals [Sachse et al., 1987].   
 In the analysis, BrC was first plotted against the CO concentration to identify which filter 
sampling periods corresponded to the most intense regions of the plume and to exclude filters 
with a significant sample integration period not associated with the plume.  For each aircraft 
transit through a plume, BrC data from the filters were selected based on filter sample integration 
times corresponding to the most significant CO enhancements within the plume (CO “peaks”).  
If more than one filter sample existed within a given “peak,” the data were averaged over those 
filter sampling times. Once the in-plume filters were identified, all parameters of interest were 
merged to the filter sampling times if the data covered was greater than 75% of the filter 
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integration time; this merged data was retrieved from the NASA SEAC4RS archive (the 19 May 
2014 merge), except for the HR-ToF-AMS data that were updated 24 Oct. 2014. Aerosol data are 
reported at standard temperature and pressure (1 atm, 273.15 K). 
 To account for dilution with plume transport, Normalized Excess Mixing Ratios 
(NEMRs) [Hobbs et al., 2003] were calculated using CO as the conservative tracer (e.g., 
∆X/∆CO). Background concentrations for the various NEMRs and CO were determined from 
data averaged before and after each plume intercept.  NEMRs were generated for BrC, BC, and 
OA.  Intensive parameters, including the AAE, BC coating thickness, O/C, and f60, are not 
presented as NEMRs.  Air mass transport times, in hours since emission, were used as the metric 
for degree of plume evolution based on HYSPLIT back trajectories from the point of aircraft 
measurement to the fire source location. The fire source latitude and longitude were retrieved 
from INCIWEB reports (http://inciweb.nwcg.gov/) for the Rim and Elk Complex Fires, described 
below.  For each plume measurement, the amount of time the air mass was exposed to sunlight 
during transport from the fire to the point of measurement was also estimated in order to 
investigate possible photochemical effects on BrC evolution.  HYSPLIT back trajectories 
verified that the various plume intercepts analyzed were from a common fire, or region of fires 
given the limited degree of spatial resolution available by this method. 
2.3  Results 
2.3.1 The Rim Fires 
Although many plumes from both agricultural and wildfires were intercepted during 
SEAC4RS, here we focus on the Rim fires (named due to their proximity to the scenic point 
“Rim of the World” in California) since these were the largest plumes detected, and hence most 
amenable to aerosol analyses via filters. The Rim fires produced smoke plumes studied over two 
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consecutive days. On the first day, 26 Aug. 2013, the aircraft investigated the smoke downwind 
from an extensive fire near Yosemite National Park, California, referred to as the Rim 1 fire. 
HYSPLIT trajectories tracked the smoke as it moved northeast through Nevada, Oregon and 
Idaho, where other regional fires were mostly avoided by the aircraft (Figure 2.1).  On 27 Aug. 
2013, the goal was to pick up this plume and continue to track it.  However, the Rim 1 plume 
passed over another active burning region in Idaho, the Elk Creek Complex fire, and then moved 
from Idaho, through Montana, and into Manitoba, Canada (Figure 2.1).  The plume from this 
second day is referred to as Rim 2, since delineating the smoke from the Yosemite and Elk Creek 
Complex fires via HYSPLIT trajectories is not clear-cut.  In the following, we analyze the BrC 
evolution both by: 1) assuming all smoke is from the Yosemite fire; and 2) assuming that the 
primary smoke sampled during the Rim 2 flight was from the Elk Creek Complex fire.  This  
 
Figure 2.1: Map of the SEAC4RS flight trajectory for 26 and 27 August 2013. 
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provides a discrete range in BrC evolution times. Other parameters of interest are plotted 
assuming the Rim 2 smoke is solely from the Elk Creek Complex fire, for simplicity.  The Rim 1 
data tracks from about 1 to 7 hours of plume age, while the Rim 2 data tracks from 9 to 50 hours 
if the source is assumed to be the Elk Creek Complex fire (or 17 to 40 hours, assuming the 
Yosemite fire).  The combined Rim 1 and 2 data provide an opportunity to study the evolution of 
BrC and other aerosol properties for over two days of transport, corresponding to a transport 
distance of 1500 km.  
2.3.2 Measurements in Smoke Plume 
For the two Rim flights, the plumes are easily identified close to the fires by high 
correlations between BrC and CO concentrations (for both flights combined, BrC and CO were 
correlated with r2 = 0.98), indicating BrC enhancements are associated with smoke plumes 
(Figure 2.2).  
To test our analysis method, given uncertainty imposed by the filter sampling times and  
 
 





Figure 2.3: Black carbon evolution in Rim smoke plumes, assuming Elk Creek Complex fire for Rim 2. 
 
 
plume widths, we first plot the NEMR for BC for both Rim 1 and Rim 2 smoke plumes  
 (Figure 2.3), assuming Rim 2 data resulted from the Elk Creek Complex fire. CO and BC are 
both emitted from biomass burning and should both be approximately conserved in transport in 
the free troposphere in the absence of precipitation over these timescales. Thus little change is 
expected with plume age, as is seen.  At the beginning of both the Rim 1 and Rim 2 fires, there 
was scatter in the ∆BC/∆CO (the circle in Figure 2.3), which appear to result from smoke plumes 
from separate local fires having different BC relative to CO emissions. All data corresponding to 
these times are excluded from the overall plume evolution for the following analysis.   
Figure 2.4 shows the evolution of BrC concentration (via proxy solution extract light 
absorption at 365 nm), where the transport time was calculated assuming Rim 2 originated from 
both the Elk Creek Complex and the Yosemite fires.  In contrast to ∆BC/∆CO, which was 
relatively constant over time, BrC in these plumes decreased over transport with an approximate 




Figure 2.4: BrC evolution in the Rim smoke plumes; exponential fit shows the loss of BrC. Diamond 
indicates Rim 1; circle indicates Rim 2. Color shows smoke plume sunlight exposure during transport. 
Rim 2 transport times assume separate sources: (a) for Elk Creek Complex fire and (b) for Yosemite fire. 
 
fire as the source of Rim 2 smoke.  If any mixing of the smoke from the two fires occurred, the 
half-life should fall between these two extremes.  The color scale on Figure 2.4 represents the 
approximate amount of sunlight that the sampled smoke aerosol was exposed to.  With increased 
sun exposure, the BrC continued to decrease.  However, after about 12 hours, continued sun 
exposure showed no effect; it is likely all the chromophores that could be affected by 
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photochemistry or photobleaching were eliminated by this time.  This result is consistent with 
laboratory experiments showing BrC photobleaching [Lee et al., 2014; Zhong and Jang, 2014; 
Zhao et al., 2015], although the photobleaching experiments found much shorter half-lives of a 
few minutes to hours and do not consider the solar cycle.  Reduced light absorption with time 
suggests a BrC loss mechanism such as chemical bleaching (chemical reactions resulting in the 
destruction of the chromophores). Evaporation (or volatilization) may also be occurring.  
As expected if BrC is being bleached or removed, the net aerosol AAE should decrease 
with age, as can be seen in Figure 2.5a, where AAEs of 3.5 to 4.0 near the fire drop toward 1 at  
 
 
Figure 2.5: Evolution of other pertinent aerosol properties in Rim smoke plumes, including: (a) the AAE, 
(b) BC coating thickness, (c) ∆OA/∆CO, and (d) OA oxygen-to-carbon ratio and f60 (tracer of biomass 
burning primary OA). Transport time for Rim 2 is calculated using the Elk Creek Complex fire source. 
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long ages, the approximate AAE for pure BC. The AAEs reach about 1.5 after 50 hours of 
transport, roughly the value recorded of background conditions in this study.  This decrease in  
AAE highly correlates with the decrease in BrC, with r2 = 0.83 (Figure 2.6a).  The BC is highly 
coated in the plumes, with a coating thickness typically near 100 nm, significantly thicker than 
outside the plumes where it averages 25 nm.  However, the coating thickness does not vary with 
plume age (Figure 2.5b), indicating the OA coating the BC particles must be non-volatile.  
Application of shell-and-core Mie theory has suggested that BC light absorption is enhanced  
with decreasing wavelength in a manner similar to BrC [Bond et al., 2006; Lack and Cappa, 
2010], so coatings might alter the light absorption spectral properties of BC.  However, since 
both BC and the coatings atop BC were observed to be constant, the decrease in AAE with age 
must be due to the loss of some other light-absorbing compound—specifically, BrC—and cannot 
be explained by a shrinking shell over a BC core.   
Since the chromophore-containing molecules that comprise BrC are expected to 
constitute a small mass fraction of bulk OA, differing trends in ∆OA/∆CO and ∆BrC/∆CO are 
not surprising (Figure 2.5c).  OA initially decreases rapidly with a half-life of less than 2 hours, 
followed by little change after about 3 hours.  In these plumes, evaporation losses apparently 
dominated over any secondary OA formation processes.  Having a steady thickness of BC 
coating while bulk OA decreases is not inconsistent since the coating mass concentration is small 
relative to OA (estimated to be <10%, assuming OA and BC densities of 0.9 and 0.75 g cm-3, 
respectively).  In addition, OA is produced mainly by smoldering combustion, while BC is 
mainly by flaming combustion, thus the small fraction of OA associated with BC particles may 
have different composition from the bulk of OA coming from different processes in the fire.  As 
the plume ages, the O/C (oxygenation) of the OA increases and f60 (biomass burning OA relative 
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to OA) decreases (Figure 2.5d), which has been previously observed [Cubison et al., 2011].  The 
decay in f60 is likely due to a combination of evaporation and oxidation, as studied before 
[Molina et al., 2004; Robinson et al., 2007; Lambe et al., 2012; Donahue et al., 2014], and 
indicates that, although the bulk OA concentration stabilizes, its molecular composition changes 
with time.  This is consistent with the evolving BrC.  Indeed, the rate of change of both O/C and 
f60 better follow the decrease in BrC rather than the decrease of OA.  The chemical 
transformations of the observed biomass burning OA, including changes in BrC, seem to occur 
approximately simultaneously, as indicated by correlations between the various variables (see 
Figure 2.6).  Overall, this correlation between increasing O/C and decreasing BrC and f60  
 
 
Figure 2.6: Correlations between: (a) ∆BrC/∆CO and AAE, (b) ∆BrC/∆CO and O/C, (c) ∆BrC/∆CO and 
f60, and (d) f60 and O/C. 
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suggests a possible linked process, like photo-oxidation [Zhao et al., 2015].  A photo-oxidation 
process leading to BrC loss is also consistent with the greater sunlight exposures correlating with 
decreases in BrC (Figure 2.4).  Other processes could also be occurring, such as loss of volatile 
BrC. Further experiments and analyses of more ambient smoke plumes are needed to provide a 
better understanding of the life cycle of BrC from biomass burning.                                        
2.4 Conclusions 
 The scale of the Rim 1 and 2 fires allowed for an unprecedented investigation into the 
evolution of wildfire smoke in the ambient atmosphere.  These data show that absorption at 365 
nm (Figure 2.4), and over the complete wavelength range associated with BrC, decreased with a 
half-life of roughly 9 to 15 hours.  While the processes causing loss of BrC in the Rim smoke 
plumes combine to remove most emitted BrC within a day, this decay rate is typically far slower 
than losses observed solely due to photo-bleaching in current environmental chamber 
experiments with realistic conditions. However, both ambient and chamber data [Lee et al., 
2014; Zhao et al., 2015; Zhong and Jang, 2014] imply that predictions of the prevalence or 
optical impacts of BrC cannot simply be inferred from emission or near-emission measurements 
without considering complex processing with age.  Our data is unique in that plume evolution 
was observed over a sufficient time that a stable fraction of BrC was observed to persist.  
Approximately 6% of the emitted BrC remained above background levels even after 50 hours 
following emission and was no longer affected by sunlight.  This BrC should be further 
investigated as it likely accounts for the ubiquitous BrC previously observed throughout the 
troposphere in a prior study with this aircraft payload, which was shown to have important 
radiative impacts [Liu et al., 2014, 2015].  Since the total and relative impact of biomass burning 
on air quality is expected to increase [Fuzzi et al., 2015], future studies should focus on the 
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mechanisms responsible for the reduction of light absorption following biomass burning we 
observed and the difference in timescales with current laboratory experiments.  Knowledge of 
the mechanisms governing behavior of BrC from biomass burning in the atmosphere would 
allow us to determine the overall climate forcing due to biomass burning BrC, and the degree to 







































RADIATIVE FORCING DISCREPENCIES BETWEEN PREDICTED AND 





Absorbing aerosols, like BC and BrC, can directly absorb incoming solar radiation and 
warm the planet.  In contrast, scattering aerosols, including a majority of OA, directly scatter 
incoming solar radiation and cool the planet.  Open biomass burning accounts for a large 
percentage of global primary OA (66%) and BC (33%) [Bond et al., 2004], with potentially 
significant impacts on climate warming.  Biomass burning emissions travel through the 
troposphere, subject to meteorological conditions that affect transport, e.g., turbulence, and 
removal processes like wet and dry deposition, which alter the amount and properties of these 
emissions.  These effects can mostly be accounted for in models.  However, aerosol chemical 
and microphysical transformations also alter primary aerosols downwind of emission.  These 
effects are more complicated to monitor, necessitating parameterizations in models that help 
track the beginning and end states of an aerosol’s chemical, optical, and thermodynamic 
properties. The lifetime of BrC in the atmosphere has not been well characterized, mainly due to 
lack of data.  Chapter 2 discussed how BrC absorption measured at 365 nm photobleaches after 
emission from wildfires.  Any further optical changes in BrC with aging and transport are 
unknown.  Therefore, the changes to the radiative forcing effects of BrC as it ages are also 
unknown.  It is important to determine how the optical aging and transport of BrC affects its 




In order to predict absorbing aerosol radiative effects, a constrained estimate of the 
complex refractive index (m = n – ik) of BC and OA needs to be determined.  In the complex 
refractive index, the real part (n) indicates the scattering portion, and the imaginary part (k) 
describes the absorbing portion, or absorptivity.  The complex refractive index can then be used 
to calculate the MAC and mass scattering cross-section, using a particle size distribution and Mie 
theory, which in turn can be applied to modeled concentrations of BC and OA to model their 
radiative forcing effects.  The complex refractive index of BC has been relatively well 
characterized, especially in comparison to BrC, and was proposed by Bond and Bergstrom 
[2006] to be 1.95 – 0.79i at 550nm.  Contrarily, the complex refractive index of OA was, until 
relatively recently, assumed not to have an imaginary part (kOA = 0) due to the assumption that 
OA was solely a scattering aerosol.  However, the absorbing portion of OA (BrC) has recently 
been found to span several orders of magnitude (kOA = 3x10
-3 – 2x10-1) for fresh laboratory 
biomass combustion emissions [Saleh et al., 2014], in agreement with other laboratory 
combustion measurements and atmospheric studies [Lu et al., 2015].   
Furthermore, kOA has been shown to correlate with the ratio of BC/OA, and the 
wavelength dependence of BrC also correlates with BC/OA [Saleh et al., 2014; Lu et al., 2015].  
This suggests that primary emissions of BC and OA from biomass combustion (such as 
wildfires) can be used to predict primary BrC emitted from biomass burning.  Two studies have 
modeled the global radiative forcing of BrC using parameterizations that estimate BrC based on 
the BC/OA ratio [Saleh et al., 2014; Lu et al., 2015].  Neither study has considered possible 
aging or transport effects downwind of a fire that might skew the radiative forcing results, such 
as photobleaching or photochemical transformations.  In this chapter, the optical aging of BrC 
from fresh emissions to aged concentrations to background concentrations will be outlined next 
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to their radiative forcing effects to determine the degree to which aging and transport affect BrC 
radiative forcing and how well fresh primary emissions can parameterize aged concentrations.  
This will be done using BC and OA mass concentrations measured aboard an aircraft over the 
continental United States over the course of two summers as well as measured BrC 
spectrophotometric data collected simultaneously aboard the aircraft.  The primary 
parameterization that the measured BrC will be compared to uses kOA determined by a closure 
analysis of bulk light-absorption data [Saleh et al., 2014], while the measured BrC filter method 
it is compared to uses light-absorption of liquid extracts from aerosol collected on filters [Liu et 
al., 2014, 2015].  Therefore, some degree of disagreement is expected.  However, the overall 
behavior should be consistent as long as the parameterization holds, so any deviations from 
expected behavior will be explained via references to BrC aging mechanisms, possible semi-
volatility, and atmospheric transport.   
3.2  Methods 
The DC3 aircraft field campaign (May to June 2012) and the SEAC4RS aircraft field 
campaign (August to September 2013) collected a variety of atmospheric composition data 
products over western, central, and southeastern United States [Toon et al., 2016].  A NASA DC-
8 research aircraft with identical payload was used for both campaigns.  Some differences 
between the flights exist: DC3 primarily set out to measure and study the convective transport of 
emissions and any chemical and compositional effects on the upper atmosphere post-convection, 
while SEAC4RS focused more on biomass burning, tropospheric chemistry, and Earth’s 
radiative budget [Toon et al., 2016].  Although both flights measured open biomass burning, 
SEAC4RS held specific flight objectives to measure biomass burning plumes over long 
timescales and a variety of source locations.  A suite of gas and particle-phase instruments were 
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aboard the aircraft.  However, due to the varied sampling times of the instruments, a time-merged 
data product was created on the NASA DC3 and SEAC4RS archives that merges all data 
products to the filter sampling time as long as the data covers more than 75% of the filter 
integration time. 
3.2.1  Data Collection 
Teflon filters collected aerosol with aerodynamic diameter less than nominally 4 μm 
[McNaughton et al., 2007] for 5-10 minutes, before being stored at -10°C.  Water extracts of the 
filters were made via 30 min of sonication in high-purity water.  These extracts were then filtered 
and insoluble components removed with a 25 mm diameter .45 μm pore syringe filter (Fisher 
Scientific, Fisherbrand* Syringe Filters), to select for water-soluble BrC.  Absorption 
measurements were obtained using a 2.5-m long Liquid Waveguide Capillary Cell (World 
Precision Instruments), a spectrophotometer with an ultraviolet-visible light source (200 to 900 
nm wavelength range), and a light-absorption detector (Ocean Optics).  The filter was drained 
and dried before re-extracting in methanol with 30 min of sonication, which selected for water-
insoluble BrC.  The light absorption of the water-insoluble portion was then measured via the 
same method as before.  This method provides highly spectrally resolved absorption data for 
water-soluble and water-insoluble BrC, with the assumption that a combination of water and 
methanol dissolutions suffice to extract nearly all the BrC [Chen and Bond, 2010].  In Chapter 3, 
“BrC” measurements refers to total BrC, which is the water-soluble plus water-insoluble 
absorption averaged for 10 nm around the reported wavelength—e.g., BrC(365) denotes an 
average from 360-370nm.  BrC absorption was calculated at a variety of wavelengths, from 200-
700 nm with 33-nm step size. 
OA and BC were measured simultaneously aboard the aircraft.  OA mass concentrations 
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for aerodynamic diameter less than 1 μm were measured using a High Resolution Time of Flight 
AMS [DeCarlo et al., 2006].  BC mass concentrations were made with an SP2 for the size 
range .09 micron to .55 micron, which accounts for 90% of the BC accumulation mode mass.  
The BC mass concentrations were corrected, using the methods from Schwarz et al. [2008], for 
particle sizes outside the measurement range.  The SP2 directly measures refractory BC mass 
concentrations; this is reported as “BC” instead of “rBC” for comparison to other studies, which 
use the term “BC” to apply to SP2 data.  CO mixing ratios were measured at 1-second time 
resolution using a differential absorption mid-infrared diode laser spectrometer containing a 
diode laser measuring the 4.7 μm CO absorption line [Sachse et al., 1987].  Acetonitrile 
(CH3CN) mixing ratios were measured at a 15.75-second resolution using a Proton Transfer 
Reaction Mass Spectrometer. 
3.2.2 Biomass Burning Period Selection  
In order to delineate biomass burning events from background aerosol, we used CO and 
CH3CN time series to determine periods of CO and CH3CN enhancement above background 
values [de Gouw et al., 2004].  When both measurements showed enhancement, the data was 
classified as biomass burning [see Liu et al., 2014].  All non-burning data is referred to as 
background aerosol. Roughly 15% of the DC3 data (which contained 541 merged data points) 
and 13% of the SEAC4RS data (which contained 872 merged data points) were impacted by 
wildfire smoke, agricultural smoke, or significantly enhanced fossil fuel emissions during the 
campaign.  Four SEAC4RS flights in particular measured both fresh and slightly aged wildfire 
smoke emissions whose initial fires and transport times could be calculated.  The biomass 
burning-influenced and background air mass measurements are reported separately.  For the 
following data descriptions, both campaigns used consistent methods of analysis. 
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For the biomass burning aerosol evolution data, transport times were calculated as in 
Chapter 2 solely for the time period corresponding to the highest smoke concentration for each 
plume pass during a flight, where the highest smoke concentration periods were determined 
using the CO time series.  Subsequent back trajectories were performed using HYSPLIT to 
determine the fire source and time since emission for each intense smoke concentration above 
background.  CO was used as a conservative tracer for normalized excess mixing ratios of 
extensive quantities, specifically BC mass (BC/CO).  The days with determinable smoke 
transport times were: 6 Aug 2013 (from the Salmon River Complex fire, the Daves Fire, and the 
Dance/Orleans Fire, smoke spanning from southern Oregon down to California), 26 Aug 2013 
(from the Rim fire at Yosemite, California, smoke spanning from California up into Idaho), 27 
Aug 2013 (from the Elk Creek Complex fire, smoke spanning from Idaho up through Montana 
and into Canada), and 19 Sept 2013 (from separate fires at Yellowstone National Park in 
Wyoming, at Kansas, and at Oklahoma, smoke spanning all three states).   
3.2.3  Optical Properties 
 In order to calculate the imaginary part of the refractive index (kOA) from the BrC 
absorption data to compare against the BC/OA parameterization of kOA, non-positive BC and OA 
values were removed.  Using BrC absorption measurements, kOA(550 nm) was calculated by:  
𝑘𝑂𝐴, 550 =  
550𝑛𝑚 × 𝐵𝑟𝐶(550𝑛𝑚)× 𝜌
4𝜋 𝑂𝐴
            (3.1) 
For this study, a constant density of 1.5 g cm-3 was assumed; kOA was calculated separately for 
both biomass burning events and background aerosol at a variety of wavelengths, from 200-700 
nm, with 33-nm step size.  A multiplicative factor of 2 is included to account for differences in 
direct absorption measurements of BrC versus Mie-predicted absorption assuming BrC remains 
in the accumulation mode, which is based on BrC size-distribution measurement comparisons 
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performed by Liu et al. [2013]; this factor has been used in other studies [Liu et al., 2014, 2015].  
Previous studies have also used a factor of .69-.75 and assumed BrC to be within the small 
particle limit [Nakayama et al., 2013; Sun et al., 2007].  For this study, this slight change in kOA 
does not significantly affect our findings.  The wavelength dependence of kOA (w = AAEBrC – 1) 
was calculated using the slope of a log-log plot of BrC absorption versus wavelength for the 
nominal wavelength region 350 to 500 nm; however, to avoid errors, this value was only used to 
study BrC optical aging mechanisms and not to calculate absorption at other wavelengths. 
In order to compare the aging and optical behavior of our BrC measurements with 
predicted values using a ratio of BC/OA, the equations reported in Saleh et al. [2014] are used to 
calculate w and kOA.  Effectively, these equations calculate kOA from the logarithm of the ratio of 
BC/OA and the wavelength dependence (w = AAEBrC – 1) from the inverse of BC/OA.  The 
Saleh et al. [2014] paper provides parameterizations for two assumptions: an external mixing 
case, where BC and BrC absorption are separate; and an internal mixing case, where BrC 
absorption occurs as a coating atop BC particles.  Both parameterizations are considered and 
compared against in this paper, although the external mixing case is more directly comparable to 
the BrC absorption filter measurements. 
Total aerosol light-absorption coefficients (bap(λ)) and light-scattering coefficients (bsp(λ)) 
were measured by a Radiance Research Particle Soot Absorption Photometer (PSAP) and a TSI-
3563 nephelometer, respectively.  Artifacts caused by filter-based optical absorption 
measurements were corrected for by the method described in Virkkula et al. [2010].  The 
wavelength dependence of the absorption was calculated using absorption coefficients at 470 nm 
and 532 nm, due to lack of 660 nm absorption measurements during the SEAC4RS campaign.  
The bulk aerosol AAE, which considers the combined absorption by BrC and BC at two separate 
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wavelengths, can be calculated as in Eq. 2.1.  AAE were only calculated for times when bap(470) 
and bap(532) both exceeded 1 Mm
-1.  Once the contribution by BrC absorption was subtracted 
out, the bulk aerosol absorption at 532 nm was used to calculate BC absorption at a variety of 
wavelengths from 200-700 nm with 33-nm step-size, using an AAE of 1 and the inverse of Eq. 
2.1.  The scattering Ångström exponent (SAE) provided in the merged data set of optical 
constants was used to compute scattering coefficients at a variety of wavelengths from 200-700 
nm with 33-nm step-size, using the scattering coefficient reported at 550 nm, bsp(550 nm): 
b𝑠𝑝(λ) =  b𝑠𝑝(550)( 
550 𝑛𝑚
𝜆
 )𝑆𝐴𝐸            (3.2) 
The scattering coefficient, BrC absorption coefficient, and BC absorption coefficient were used 
to calculate aerosol optical depth and single-scattering albedo for input into the Santa Barbara 
DISORT Atmospheric Radiative Transfer (SBDART) model to determine the downwelling flux, 
upwelling flux, and radiative forcing associated with BrC [Ricchiazzi et al., 1998].   
3.3  Biomass Burning and Background Aerosol Measurements  
If the predicted and measured BrC absorption is to be comparable more than an hour 
downwind of a smoke plume, then their evolutionary cycle needs to be consistent.  In Figure 3.1, 
the absorptivity of OA is plotted versus time, showing that kOA(550 nm) decreases exponentially 
over time from near-emission to stability, with an e-folding time τ of 8.7 hrs (with a range of 7-
12 hrs).  This rate of decrease remains independent of the fire source: plumes followed along 
their path of aging in a quasi-Lagrangian experiment (Aug. 26 and Aug. 27 data) decrease at the 
same rate as plumes from separate fires (Aug. 6 and Aug. 19 data), for smoke measured in the 
continental United States.  This decrease in kOA is a direct result of decreasing BrC absorption 
due to photobleaching (Chapter 2).  However, secondary effects like evaporation (or 
volatilization) could also factor into this decrease in kOA.  Variations from the exponential decay 
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curve are typically correlated with altitude: higher altitude biomass burning data are 
underestimated by the exponential fit while lower altitude data are overestimated.  Typically, 
radiative forcing models treat kOA as a constant value with possible lower and higher values 
caused by combustion conditions [Chen and Bond, 2010; Saleh et al., 2015; Feng et al., 2013].  
However, the fact that kOA decreases over time (Figure 3.1) brings into question the treatment of 
kOA as a set value several hours after emission in models of biomass burning radiative forcing.   
Recently, kOA measurements and w have been predicted using emission characteristics of 
BC/OA in models of radiative forcing for biomass burning aerosols [Saleh et al., 2015; Lu et al.,  
 
 
Figure 3.1: The comparative evolution of measured OA absorptivity (kOA), the fire emission 
characteristics substitute that will be used to predict kOA (BC/OA), and bulk aerosol AAE during 




2015].  Near fires, the mass ratio BC/OA reflects the relative fine mode contributions of the BC  
and OA emissions and thus the burn conditions of the fire, whereas higher BC emissions (and 
thus BC/OA ratios) occur during flaming fires [Reid and Hobbs, 1998] and higher OA emissions 
(lower BC/OA ratios) during smoldering fires [Yokelson et al., 1997].  To be comparable with the 
measured kOA, these predictions of kOA using BC/OA need to show similar evolution over time.  
Nevertheless, Figure 3.1 shows that the ratio of BC/OA remains static as the plume ages despite 
changing kOA values.  The measurements for multiple-fire smoke plumes show some variation in 
the BC/OA ratio, but this is solely due to the large amounts of OA encountered during the Aug. 6 
smoke measurements, likely caused by secondary OA formation outweighing OA evaporation.  
Ignoring this atypical behavior, the BC/OA remains relatively constant over plume age, 
suggesting that a source profile of smoke emissions or a measure of a fire’s burn conditions in 
the continental United States may not be accurate in predicting kOA, and thus OA absorption, 
downwind of plumes.  Specifically, any parameterization depending kOA on the behavior of 
BC/OA should fail after roughly 3 hrs of aging.  
For external evidence of this OA absorptivity decrease, the bulk aerosol AAE is plotted as 
a function of transport time in Figure 3.1.  Bulk aerosol AAE is indicative of the relative 
difference between the ultraviolet and visible wavelengths and is shown to decrease over time for 
all fire sources.  This could result from a decrease in BrC absorption, a decrease in BC 
absorption, or a decrease in the organic coatings atop BC.  In Chapter 2, it was shown that both 
BC mass and the coating thickness atop BC remain relatively constant over plume age for single-
fire measurements (Aug. 26 and Aug. 27 data), so the absorption by BC should be constant for 
these data.  Therefore, the only reason behind the decrease in bulk aerosol AAE for single-fire 
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measurements is that kOA —whose behavior is controlled by BrC absorption—is decreasing.  
Despite this link between the two optical properties, the bulk aerosol AAE decreases at a much 
slower rate than kOA.  This is caused by a non-constant spectral change of the BrC.  If plotted for 
each period of time in the single-fire plume, the normalized absorption spectrum for BrC shows a  
 
 





steeper curve from 300-350 nm for aged smoke than fresh smoke (Figure 3.2a).  Quantitatively, 
the wavelength dependence of kOA (w = AAEBrC – 1) actually increases as it ages, from roughly 6 
to 9 (Figure 3.2b).  Although this difference may seem small, it has important effects: 
1. This “aging” of the kOA wavelength dependence (and BrC AAE) likely accounts for 
the dissimilar rates of decrease for kOA and bulk aerosol AAE.  
2. The AAE of BrC is typically considered to be a single value for a given set of 
combustion conditions, which is then used to calculate BrC absorption at non-
measured wavelengths.  If the AAE of BrC is increasing while BrC absorption is 
decreasing, modeling the absorption of BrC and its radiative effects post-emission 
from biomass burning becomes significantly more difficult. 
This increase in BrC AAE is likely due to aging of the chromophores, e.g. photochemical 
reactions causing decreases in molecules that absorb light at ultraviolet wavelengths in a 
disproportionately larger amount than those molecules that absorb light in the visible 
wavelengths.  Furthermore, previous studies have shown that fresh biomass burning emissions 
had a linear correlation between w and the ratio of BC/OA [Saleh et al., 2014; Lu et al., 2015].  
Figure 3.2b shows that attempting to predict w from a correlation with BC/OA grossly 
underestimates the measured, changing values of w.  Therefore, future modelers should be 
careful when using static wavelength dependence parameterizations if any aging beyond 3-4 hrs 
has affected the biomass burning emissions. 
To assess agreement between measured and predicted BrC, using the Saleh et al. [2014] 
parameterization as an example, kOA is plotted against BC/OA in Figure 3.3 using airborne 
biomass burning measurements from DC3 and SEAC4RS.  The parameterization of kOA as a 
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function of BC/OA is plotted for the range of BC/OA values from DC3 and SEAC4RS (.001 
to .1).  The fresher biomass burning predicted kOA behavior correlates decently well with 
measured kOA, despite being a consistent half to two orders of magnitude larger.  As the smoke 




Figure 3.3: Values of kOA for both biomass burning and background atmospheric measurements; grey line 




parameterization, incurring disagreements of 2-3 orders of magnitude.  Differences across 
several orders of magnitude can have significant effects on radiative forcing calculations, so this 
disagreement is concerning.  The exponential decay of BrC as it ages is likely causes the 
deviation, suggesting well-aged regional aerosol may largely deviate from the parameterization.   
Well-aged background BrC aerosol is a mixture of combustion from fossil fuels and 
biomass burning as well as possible secondary BrC.  Since the parameterizations of kOA as a 
function of BC/OA are specifically only for biomass combustion and not fossil fuels [Saleh et 
al., 2014], the kOA of background aerosol would not be expected to have the same linear 
correlation between kOA and BC/OA as biomass combustion.  Nevertheless, plotting background 
aerosol kOA versus BC/OA is necessary in order to understand how aging may affect the 
comparability between predicted and measured kOA.  Figure 3.3 shows that measured 
background aerosol kOA from the continental United States spans several orders of magnitude—
as expected considering the range of kOA for different combustion sources—but does not 
correlate with BC/OA.  Yet, if we consider the altitude at which the BrC was measured, a pattern 
appears.  Higher-altitude measured kOA is underestimated by the predicted kOA while lower-
altitude measured kOA is overestimated by the predicted kOA.  This altitude profile is significant: 
higher altitude kOA in the continental United States is several orders of magnitude higher than 
fresh biomass burning kOA (Figure 3.3).  If future modelers aim to predict kOA or BrC based 
solely on reported BC/OA for background aerosol in the continental United States, some 
temperature or altitude dependence likely needs to be considered. 
To investigate these altitude effects, Figure 3.4 shows the altitude profiles for background 
aerosol kOA and BC/OA.  An obvious increase in kOA with altitude by roughly one order of 
magnitude is not shared by the aerosol ratio of BC/OA, which remains relatively constant.  This 
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enhancement of OA absorptivity with altitude is consistent with previous observations over the 
continental United States using the DC3 data where the ratio of BrC to BC absorption was found 
to increase with altitude [Liu et al., 2014], since BrC/BC is mathematically equivalent for filter 
extract absorption measurements with kOA/(BC/OA).  It should be noted that there is no a priori 
reason to expect BC and OA to remain highly correlated with altitude, nor is there reason to 
expect OA absorptivity (or BrC absorption) enhancement with altitude.  This enhancement is 
significant: high-altitude background aerosol kOA has larger values than fresh or aged smoke, 
while low-altitude background aerosol has equal or lower values than fresh or aged smoke.  
Typically, we would expect fresh biomass to have the largest OA absorption, especially if 
photobleaching affects all emitted BrC.  However, if the absorption of the aerosol is considered 
relative to its mass, OA absorptivity becomes largest at high altitudes where there is less OA but 
more BrC by mass.  Some evidence exists suggesting BrC can be formed secondarily in clouds 
[Nguyen et al., 2012, Desyaterik et al., 2013] and is, in fact, enhanced by convection with 
relation to BC and OA [Zhang et al., 2017]. Therefore, the vertical profiles in Figure 3.4 could 
result from differing mechanisms of cloud processing between BC, OA, and BrC, e.g., cloud 
processing predominantly removing BC and OA in the upper atmosphere via precipitation while 
forming BrC through aqueous secondary OA reactions.  Zhang et al. [2017] also proposes that 
BrC aerosol may have slightly higher size distributions than BC and OA, resulting in 
precipitation removing more BC and OA than BrC; this could cause the vertical profile of BrC to 
be enhanced with altitude in comparison to BC and OA.  Evidence for this is derived from Liu et 
al. (2013) comparing BrC size distributions to BC size distributions, where there is noticeable 
BrC above the typical 2.5 micron cutoff diameter.  Contrarily, the vertical profile may be largely 
dependent on the volatility of the aerosol. If some BrC molecules are semi-volatile, then the 
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colder temperatures at higher altitudes could result in condensation of BrC and, thus, higher kOA 
at high altitudes.  The biomass burning evolution graph of kOA (Figure 2.4) suggests this may be 
a possibility, since higher-altitude kOA has higher values than expected for the given smoke age.  
However, freshly combusted BrC measured in a smog chamber has previously been found to 
have extremely low volatility [Saleh et al., 2014], as has brown aqueous secondary OA [Laskin 
et al., 2015].  Therefore, the only volatile BrC is likely the aged biomass combustion BrC or BrC 
formed from fossil fuels.  It should be noted that these mechanisms may be affected by transport 
phenomena unique to the continental United States.  Further study of brown carbon vertical 
 
 
Figure 3.4: Background aerosol altitude profiles, with median (black line), for DC3 and SEAC4RS. 
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profiles in other regions with differing transport phenomena needs to be made. 
3.4  Radiative Forcing 
In the previous section, predicted kOA from fresh biomass burning correlated relatively well with 
measured kOA while aged smoke and background aerosol correlated poorly.  In order to 
determine how significant these differences between predicted and measured BrC are to the 
climate effects and radiative forcing of BrC, both fresh smoke, aged smoke, and background BrC 
aerosol need to be expressed in terms of radiative forcing and then compared.  To determine BrC 
radiative forcing, SBDART was used to model the radiative imbalance (downwelling flux – 
upwelling flux) for a vertical profile of aerosol, created for various conditions, in a mid-latitude 
summer at a 40 solar zenith angle, following Liu et al. [2014].  Vertically-resolved aerosol 
optical properties (BC absorption, BrC absorption, and scattering coefficient) were determined 
for 33-nm intervals between 300-700 nm using: BC absorption predicted at a variety of 
wavelengths using bulk aerosol absorption at 532 nm and an AAE of 1; measured BrC 
absorption spectra; and scattering coefficients calculated for a variety of wavelengths using the 
SAE.  The mean of the BrC absorption spectra at each altitude was used, rather than the median 
as shown in Fig. 4, to be consistent with previous studies [Liu et al., 2014, 2015].   
Total absorption and scattering coefficients were determined for each of three cases, 
following the method of Liu et al. [2015]: 1) only scattering aerosols, 2) scattering aerosols and 
BC, and 3) scattering aerosols, BC, and BrC.  Aerosol optical depth and single-scattering albedo 
calculated from the absorption and scattering coefficients, in addition to a wavelength-
independent asymmetry parameter of 0.65 [Carrico et al., 2003], were used as inputs to 
SBDART.  Radiative forcing (RF) was calculated as the difference between the radiative 
imbalance of some absorbing aerosol species (e.g., BC) and the radiative imbalance of all the 
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scattering species.  The following cases were considered for both the measured BrC and the 
predicted BrC (using the Saleh et al. [2014] parameterization): 
1. Background aerosol: the measured background aerosol was used to calculate the 
base vertical profile for SBDART, using the data mean for each 1-km altitude bin. 
2. Fresh biomass burning plumes: the fresh biomass burning plumes (age < 3 hrs) 
measured during SEAC4RS spanned 0 to 4 km of well-mixed aerosol, as determined 
by lidar data of the region below the airplane.  This smoke aerosol was assumed to 
have constant aerosol optical properties throughout this plume thickness.  Altitudes 
from 5 to 12 km were considered the same as the background case. 
3. Aged biomass burning plumes: the aged biomass burning plumes (age > 14 hrs) 
measured during SEAC4RS spanned 2.5 to 4.5 km of well-mixed aerosol, as 
determinable from lidar data of the region above and below the airplane.  Once again, 
smoke aerosol was assumed constant throughout plume thickness.  Altitudes 0.5 to 
2.5 km and 4.5 to 12 km were considered the same as the background case. 
By considering these scenarios separately, the relative importance of aging mechanisms (such as 
photobleaching) versus transport mechanisms (that cause the altitude dependence) to modeling 
radiative forcing of BrC become obvious.  Further, by calculating each scenario for predicted 
BrC as well as measured BrC, the degree to which a parameterization of kOA based on BC/OA 
will succeed in determining BrC radiative forcing can be ascertained.  The wavelength 
dependence of kOA was calculated using the parameterization set forth in Saleh et al. [2014], 
which was shown in Figure 3.2b to disagree with the measured spectral w.  This w is then used to 
calculate kOA at non-550-nm wavelengths, causing an insignificant amount of disagreement.    
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Exact values of radiative forcing are reported for the top of the atmosphere (TOA, determined at 
15 km) in Table 3.1.  For background aerosol, BrC is shown to account for a significant portion 
(26%) of the total forcing by absorbing aerosols (BrC + BC), which is consistent with previous 
calculations for this data [Liu et al., 2015; Zhang et al., 2017].  However, BrC RF is 
overestimated by the predicted BrC values by 1.6 W/m2.  Thus, while BrC actually contributes 
roughly 25% to absorbing aerosol RF at TOA for background aerosol, the parameterization finds 
only 45.6% due to absorbing aerosol RF (Table 3.1).  This is largely driven by the prediction not 
capturing the BrC absorption enhancement with altitude.  This disagreement suggests that, for 
background aerosol, BrC absorption should not be parameterized by BC/OA; modelers should be 
careful to use BC and OA data only from biomass burning emissions. 
From Figure 3.1 and Figure 3.3, fresh biomass burning smoke is expected to have good 
agreement between measured and predicted BrC radiative forcing, while aged smoke should 
have poor disagreement.  Indeed, when quantified as the percent BrC contributes to absorbing 
aerosol RF, the model shows that measured fresh biomass burning BrC accounts for 6% of the 
RF at TOA while the predicted BrC estimates 12% is due to BrC (Table 3.1).  This factor of 2 
difference is likely due to the nearly 2 orders of magnitude difference in the predicted and 
measured kOA values.  Inside the smoke plume itself, measured fresh biomass burning BrC only 
contributes roughly 5% to the total absorbing aerosol RF while the predicted BrC estimates it 
accounts for 7% of the forcing (Table 3.1).  Overall, the radiative forcing of fresh smoke 
emissions are relatively well predicted using the Saleh et al. [2014] parameterization.  However, 




Table 3.1: Radiative forcing at top of the atmosphere  
Radiative Forcing at TOA (W/m2) Fresh Smoke Aged Smoke Background 
BC 
Measurements 270.12 4.84 3.37 
Parameterization 270.12 4.84 3.37 
BrC 
Measurements 17.32 1.62 1.21 
Parameterization 35.44 4.13 2.82 
BrC/BrC+BC 
Measurements 6.0% 25.0% 26.4% 
Parameterization 11.6% 46.0% 45.6% 
 
to an inappropriate grasp of the background aerosol with altitude, since high-altitude background 
BrC is shown to significantly affect RF [Zhang et al., 2017].  The difference between the 
parameterization and measurements is more pronounced for aged smoke.  Measured BrC 
accounts for 25% of the absorbing aerosol RF at TOA, while the predicted BrC estimates 46% 
(Table 3.1).  Most of this difference is due to the BrC vertical profile, which affects the 
atmosphere in the profile outside of the smoke plume inserted from 3-4 km.  Inside the plume 
itself, measured BrC accounts for roughly 54% of the absorbing aerosol RF, while predicted BrC 
estimates that BrC contributes to 47% of the absorbing aerosol RF.   
The difference between measured and predicted absorption inside the plume is much 
smaller for both fresh and aged smoke, suggesting the slight RF overestimation by predicted BrC 
absorption is probably acceptable for many applications.  Photobleaching, while significant, is 
less important for a radiative forcing model to capture than the vertical profile of BrC, at least in 
the continental United States.  Indeed, if the altitude profile of BrC is not properly captured by a 
model (as with the predicted BrC), the contribution of BrC to absorbing aerosol RF at TOA in 
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regions with similar atmospheric transport as the United States will likely be greatly 
overestimated by a little less than a factor of 2.    
3.5  Conclusions 
The decrease in kOA (describing the absorptivity of OA, which is correlated with BrC 
absorption) of a smoke plume as it ages is complicated by the increasing of the wavelength 
dependence of kOA with age.  This, in turn, affects the predictability of BrC absorption downwind 
of emissions from biomass burning due to overall absorption decreasing while absorption in the 
ultraviolet decreases slower than in the visible wavelengths.  After roughly 14-24 hrs, both the 
kOA and wavelength dependence have stabilized, allowing for the optical effects of aged smoke 
to be better predicted.  Recent parameterizations of kOA and its wavelength dependence based on 
BC/OA, can be used for fresh biomass burning emissions, less than a couple days old, to predict 
radiative forcing inside of a smoke plume.  However, outside a smoke plume, these predictions 
fall apart because the altitude profile of BC/OA does not capture the enhancement of kOA with 
altitude.   These parameterizations cause a consistent overprediction of BrC radiative forcing by 
nearly a factor of 2 for data taken in the continental United States.  The degree to which this 
affects TOA radiative forcing of smoke plumes depends on the amount of absorption inside the 
smoke plume, causing fresh smoke to have the largest BrC radiative forcing at TOA since it has 
the largest amount of BrC in the plume.  Radiative forcing of BrC at TOA for aged smoke (1-2 
days) was roughly that of the background aerosol, due to the absorption inside the low-altitude 
plume being relatively small in comparison to high-altitude background aerosol.   
The most important factors for calculating the radiative forcing of BrC are: 1) the time 
since the aerosol was emitted, since the greatest radiative forcing for BrC is in the first couple of 
hours when BrC has not yet been photobleached and depleted, and 2) the altitude at which it was 
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measured, since higher altitudes showed significant enhancement of kOA in the continental 
United States.  In the future, models of BrC radiative forcing—which affects background aerosol 
radiative forcing as a whole, since BrC accounts for 26% of background absorbing aerosol 
radiative forcing—need to find a way to account for the altitude enhancement of BrC in order to 
correctly calculate its absorption.  Models using vertically-resolved satellite measurements over 
the continental United States also need to account for this altitude dependence since it affects 


























The first part of this thesis (Chapter 2) presented the first results of BrC evolution after 
emission from a wildfire.  BrC was shown to decrease over time while BC and OA, two aerosols 
with similar formation mechanisms, remained constant with plume age.  An external measure of 
light absorption, the bulk aerosol AAE, was also shown to decrease with time, suggesting that 
the decrease in BrC absorption caused the bulk aerosol AAE to also decrease.  While high r2 
correlations were shown between BrC, the bulk aerosol AAE, OA O/C ratio, and f60, these 
comparisons only hold true for single-fire biomass burning measurements.  For smoke plumes 
across a variety of different fire sources, O/C and f60 show no correlation with BrC, and the 
correlation between AAE and BrC is surprisingly non-linear.  Some of these disagreements may 
be based on aerosol age (as with AAE and BrC) while others may be caused by atmospheric 
conditions and source fire material (O/C and f60).   
The second part of this thesis (Chapter 3) showed that the absorptivity of OA (kOA which 
is essentially BrC/OA) also decreases with plume age but at a separate rate from the bulk aerosol 
AAE.  The difference in decay rates is due to the changing nature of the wavelength dependence 
of kOA (w = AAEBrC – 1), where w increases over the course of 9 hrs by a difference of 2.  This 
complicated nature of BrC absorption decreasing over time while the differential between the 
ultraviolet and visible wavelength absorption of BrC increases over time causes problems for 
static assumptions of BrC AAEs and predictions of BrC absorption at non-observed 
wavelengths.  In addition, Chapter 3 shows that predictions of kOA based on BC/OA ratios work 
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decently well for fresh biomass burning, but not for aged biomass burning or background 
aerosol.  This is caused by a combination of aging, causing a decrease in kOA over time while 
BC/OA and thus predicted kOA stays constant, and transport, whereby higher-altitude kOA are 
underestimated by predicted kOA and lower-altitude kOA are overestimated by predicted kOA.   
Future modelers of BrC, whether for radiative forcing modeling or BrC chemical 
transport models, should take into account the following insights from this thesis: 
 BrC absorption and kOA decrease over time post-emission from biomass burning 
 The wavelength dependence (AAE) of BrC and kOA increase after emission 
 BrC aging behavior is not shared with other similar species (BC and OA) 
 kOA can be parameterized in the atmosphere by BC/OA for fresh and aged fires 
 kOA should not be parameterized for background aerosol outside a smoke plume  
A model considering these qualities should capture actual BrC behavior well.  For most 
applications, the increase in the AAE of BrC with age post-emission from a fire should be 
insignificant.  However, any assumption of a static AAE for a large group of BrC from biomass 
burning is likely false.  It should be noted that the measurements in Chapter 3 were made using 
data from the continental United States, so the transport phenomena underlying the vertical 
profiles of kOA may be unique to continental regions or certain latitudes. Models done over areas 
with vastly different atmospheric transport mechanisms would need to address an assumption of 
consistency between the modeled areas and the location of this data set. 
4.2 Future Work 
As a first-look at BrC optical evolution, this work brings about many opportunities for 
further research.  While both fresh and slightly aged biomass burning aerosol were studied (from 
0.75 to 50 hrs old), well-aged biomass burning could not be identified.  Any changing optical 
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properties and continued aging of BrC past this point is unknown, and it is possible that the BrC 
could continue being photobleached and disappear altogether or that secondary BrC is formed in 
well-aged plumes so that any photobleaching is counterbalanced by BrC formation in the 
diluting plume.  In addition, the increase in the wavelength dependence of BrC absorption 
suggests that not all BrC molecules respond similarly to photobleaching.  Further studies on the 
molecular weights and species of these molecules could yield valuable insights into both primary 
and secondary BrC.  The volatility of any aged biomass burning BrC and secondary BrC is also 
largely unknown.  Experiments that look into optical and molecular response of BrC to changes 
in temperature would likely yield valuable insights into the altitude profile of BrC.  However, 
simultaneous measurements of corresponding theories—including size distribution changes—
would also need to be made, all of which is complicated by any further aging and photochemical 
mechanisms that could alter the BrC aerosol.  However, finding the root cause behind the 
enhancement of BrC absorption with altitude is paramount to predicting BrC absorption in 
background aerosol, so it is a significant area of future BrC research. 
Furthermore, although investigations into the vertical profiles of BrC over the continental 
United States has been completed, expansive research into BrC profiles over the ocean and over 
regions far removed from biomass burning influence still need to be conducted.  Such studies 
would help confirm whether the vertical profiles of BrC discussed in Chapter 3 are globally 
consistent or whether these phenomena are localized to continental land masses with well-mixed 
tropospheric aerosol that sources significant amounts of biomass burning.  This aged biomass 
burning, once transported to different altitudes, likely accounts for the vertical profiles of BrC.  
Without local biomass burning sources on the continent, the vertical profile may be less 
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